The loss of water from a salt hydrate can occur with or without changes in the lattice structure. Thus, the water of crystallization of zeolites can be removed without the collapse of the original lattice; whereas in many other hydrates, such as the alums or copper sulphate pentahydrate, the removal of water is associated with changes in the structure of the solid and the production of a new solid phase. In the latter an interface is formed separating the two solid phases, and it is at this interface th at the dehydration occurs. The water liberated at the interface passes through a superposed layer of product before it reaches open space. The rate of liberation of water may be dependent on the thickness of the superposed layer of product, as is seen in the case of the dehydration in vacuum of copper sulphate pentahydrate (Garner and Tanner 1930; Smith and Topley 1931) . This effect was called " impedance" by Smith and Topley, and they showed that the " impedance" practically vanishes if the dehydration is studied in water-vapour pressures lower than the dis sociation pressure of the salt hydrate. Since water vapour accelerates the rate of crystallization of the product (Colvin and Hume 1938) it is clear th at it is the degree of crystallization of the product th at determines whether impedance will occur or not.
The two processes, (1) the loss of water from the interface and (2) the subsequent reorganization of the lattice, do not appear to be very closely linked, since the solid product in many examples undergoes considerable shrinkage subsequent to the loss of water (see plate 18 A, for chrome alum). The following model of the dehydration process serves to indicate the possibilities. I represents the solid reactant, and II is a transition layer derived from I by the loss of water either without lattice change or by a collapse of the original lattice. I l l is the product undergoing slow crystallization, and IV is the open space which may be a hard vacuum or may contain water vapour.
The velocity of the dehydration at the transition layer is usually measured by determining the rate at which the interface penetrates the [ 487 ] soiid from the loss of weight of a crystal of salt hydrate suspended on a silica spring in a hard vacuum (Garner and Tanner 1930; Topley and Smith 1931) . Dehydration has also been followed by measuring the rate of growth of nuclei (Bright and Garner 1934) . If there is impedance to the rate of flow of water across I I I then, in order to obtain the maximum rate at the transition layer, it is necessary to extrapolate back to zero thickness. The rate of loss of water across the transition layer will obviously depend on its thickness and therefore upon the speed of crystallization of the product. The rate of crystallization of the product will be modified by changes in the temperature at which the dehydration is carried out and also by the presence of water vapour in the open space. These considerations have to be taken into account in any study of the temperature coefficient of the dehydration process.
The experimental work bearing on the above discussion is somewhat scanty. The dehydration of copper sulphate pentahydrate has been fairly thoroughly investigated. The activation energy from the temperature coefficient is 16-18 kcal. (Smith and Topley 1931; Bright and Garner 1934) and the heat of dissociation (Carpenter and Jette 1923 ) is 12*6 kcal. The difference between these two values, 3-6 kcal., may be real, but on the other hand may be due to a decrease in the thickness of layer II with rise in temperature. The rates of dehydration calculated from the Polanyi-Wigner equation, dr/dt = vNe~E/RT, where N is the number of water molecules per sq. cm., are 50-100 times greater than the ex perimental rates and this divergence from theory may also be due to changes in II with temperature. W ater vapour in the open space causes a decrease in the rate of dehydration and the rates in the presence of water vapour decrease in the manner given by curve T in figure 2. On the other hand, manganous oxalate bihydrate (Smith and Topley 1935; Volmer and Seidel 1937) gives curve II with both a minimum and a maximum. It was shown by the latter two authors, by X-ray measurements, th at the product was amorphous when the dehydration was carried out in vacuum and crystalline when carried out in the presence of water vapour. The initial fall in rate is probably due to the retarding effect of water vapour on the diffusion through a relatively thick transition layer II, and the intermediate rise in rate to a decrease in the thickness of this layer by crystallization of the product. Unfortunately, in this case there are no measurements on the temperature coefficient of the reaction.
In the present investigation, the dehydration of chrome alum has been studied with a view to throwing light on the phenomena occurring a t the interface between the two solid phases. An earlier investigation (Cooper and Garner 1936) has shown th at spherical nuclei are formed, which increase in size at a linear rate after an initial induction period, and th at the number of nuclei formed increases approximately linearly with time. This in vestigation has now been extended. The temperature coefficient of the rate of nuclear growth and of the rate of penetration of the interface have been determined. This has necessitated measurements of the self-cooling which occurs when the crystals undergo dehydration, and in the course of this work values have been obtained for the heat of dissociation of the alum which have been compared with those derived directly from the tem perature coefficient of the dissociation pressure. The effects of w ater vapour on the rate of dehydration have also been studied, and it has been shown th a t in this respect the de hydration of chrome alum forms a case interm ediate between those of copper sulphate pentahydrate and manganous oxalate bihydrate (see figure 2 ).
E x p e r im e n t a l
The apparatus used for observing the nuclei and the measurement of nuclear growth is depicted in figure 3 . I t consists of a double-walled vessel, provided with windows for illumination and observation. T hat for observation consisted of a plane window in the form of a hollow joint B B D F igure 3 which was ground into the double walls of the reaction vessel. The dimensions of this were such th at the lens of a microscope could be inserted nearly as far as the inner wall of the reaction vessel. The crystal was suspended at F, and the water liberated on decomposition was removed through wide tubing into a U-tube C which was surrounded by a C0 2-alcohol mixture. A ground joint with a tap D was placed at the bottom of the vessel so th at at any time air could be admitted to the reaction vessel only, and any crystals which fell from the suspension could easily be removed. Tube A was for the introduction of a constant vapour pressure of water vapour. The crystal was illuminated with a 100 c.p. Pointolite lamp shining through a cell containing water, and the crystal was observed with a Winkel cathetometer, and, when needed, photographs taken on a Zeiss film camera attachment. W ater was pumped between the walls of the hollow reaction vessel from a large tank fitted with a heater and a refrigerator. Temperatures between 0 and 40° C could be obtained and maintained constant to within 0-01° C. The vacuum in the reaction vessel was tested from time to time with a McLeod gauge.
A saturated solution of Kahlbaum's " Puriss" chrome alum was made in distilled water and allowed to crystallize in a dust-free air therm ostat over caustic potash. Crystals were removed from the solution, and then immersed for one or two seconds in distilled water to remove the film of saturated solution adhering to the crystals. They were then placed in contact with a piece of soft filter paper which ensured drying without scratching. After this process they were stored over powdered chrome alum in a desiccator.
Nuclei. Two types of nuclei are found (see plate) and these are distinguished both by the intensity of the reflected light and by their structure under the microscope. The commonest type is slightly pink in colour which, as they grow, develop radial cracks, with a star-shaped hole in the centre. This is evidently due to a crystallization of the product which occurs with a contraction in volume. The second type is considerably whiter in colour and does not develop radial cracks. The plate, B, C and D shows both types of nuclei at two different stages of growth. The second type of nucleus is obviously unstable compared with the first, since, on coming into contact, the second type passes into the first, as is shown in C and D. The rate of growth of the unstable nuclei is about one-third of that of the common type, and it occurs more frequently on crystals dehydrated below 20° than at higher temperatures. The colour of the unstable nuclei, their slow rate of growth, and occurrence at the lower temperatures indicate th at they are more micro crystalline than the common nuclei. They may consist of a different hydrate but no evidence has been obtained which bears on this point.
Rates of nuclear growth. There were found to be anomalies in the rates of growth when the nuclei were small. In figure 4 is given a number of typical cases of growth on the same crystal face. 1, 2, 3, 4 and 7 represent the increase in nuclear size with time for type I, and 5 and 6 for type II. Some nuclei show a period of slow growth in the beginning, e.g. 4 and 7 ; others grow uniformly, e.g. 6, and yet others start to grow rapidly a t first and then slow down, e.g. 1, 2 and 5. In all cases, however, the rate of growth settles down to the same constant value for the same kind of nuclei. The initial anomalies must depend on the treatm ent of the crystal surface, since in a large number of cases studied in the earlier investigation (Cooper and Garner 1936) only one of the above types of behaviour was tim e (hr.)
found, viz. an initial slow rate of growth. I t is possible th at the rapid initial growth of some nuclei is due to dislocation of the surface due to handling. In considering these curves it should not be overlooked th at the crystal cools as the dehydration proceeds, and the linear rate of growth may not set in until a constant temperature has been attained.
A table of the rates of growth of the nuclei at different temperatures is given below. The values given are the averages of approximately ten nuclei at each temperature. The temperatures are uncorrected for self-cooling.
Although there is good agreement between the rates of growth for different nuclei on the same crystal, the degree of reproducibility from crystal to crystal is not very high. The average values have been taken in the calculation of the activation energy (see figure 8). 
Measurement of the rate of decomposition by the loss in weight method.
A crystal of chrome alum was suspended on a silica balance in a doublewalled vessel similar to that described in figure 3, and the rate of loss of weight followed in a hard vacuum. The surfaces of the crystal were thoroughly scratched beforehand in order to speed up the nucleation and to ensure that the reaction penetrated the cryst'al in parallel planes. It was found th at the reaction came to a standstill when 12-1-12*3 mol. of water were lost out of the twenty-four originally attached to the compound, K2S0 4.Cr2(S0 4)3, 24H20 .
Calculations were made from the loss in weight curve, of the volume of undecomposed material present at various times, assuming th at 12 mol. of water were lost and that the whole of the reaction occurred at the interface between the reactant and its product. A curve was constructed, A, showing the change in the volume of the undecomposed material with time. Next, curve B was drawn showing the relationship between depth of penetration and the undecomposed volume. The latter was calculated from the dimensions of the crystal. The crystals chosen for experiment possessed a large and well-formed upper face which was parallel with the surface on which the crystal was grown. Only 111 faces were present and of the eight faces, six lay on the sides of the'crystal and two formed the top and bottom surfaces. From the geometry of the crystal, its volume can be calculated from the product of the area of the top face and the thickness. Volumes calculated in this way always agreed within 2-3 % with those derived from the mass and density of the crystal.
From curves A and B, a graph of the depth of penetration against time was constructed. Typical graphs for 30° are shown in figure 5 . Straight lines are obtained up to about two-thirds of the decomposition, and the rate of penetration of the interface is constant. The values for the rates of penetration at a number of tem peratures are given in table 2. tim e in hours In order to check the assumption that the loss of water was confined to the interface, the depth of penetration was measured in two cases by breaking a partially dehydrated crystal and measuring the depth under a microscope. It was not possible to do this very accurately on account of the nature of the fracture. The rates determined by this method at 35 and 30° C were 7*8 and 5-9 x 10~6 cm./sec. respectively. These were sufficiently near the values obtained in table 2 to warrant the assumption made.
The values for the rate of penetration of the interface are a little greater than those obtained for the linear growth of the nuclei (table 1), but the temperature coefficient is the same in the two cases (see figure 8) .
The fact th at the rate of penetration is independent of the depth is of some interest. In the instance of copper sulphate, both Garner and Tanner (1930) and Smith and Topley (1931) found th at the rate of pene tration falls off with the extent of penetration. This the latter two authors ascribe to an " impedance " to the escape of water vapour from the interface and to the establishment of a pressure gradient in the product between the interface and the surrounding space. The existence of this pressure gradient is regarded as being responsible for a reduction in the rate of reaction as the thickness of the product increases. The absence of any retardation of the reaction due to the thickness of the superimposed product in the dehydration of chrome alum speaks for the absence of " impedance" to the loss of water, and for a loosely packed and somewhat coarsely crystalline product. The absence of impedance is also confirmed by the close correspondence between the rate of spread of the reaction on the surface and the rate of penetration into the crystal. This argument would, however, be invalidated were it not shown later th at the tem perature of the interface remained constant during the period for which the constant rate of penetration was measured (see later).
Self-cooling of the crystals. In order to be able to calculate the activation energies of these processes, it is necessary to know accurately the tem perature of the crystals during the dehydration in hard vacuum. This was measured experimentally in the apparatus shown in figure 6. Two crystals, about l |-2 cm. broad, corresponding as closely as possible in shape, were cemented on to a thin copper-constantan thermocouple, D, by means of durofix. The length of each thermocouple lead immersed in the crystals was approximately 4-5 cm. The changes in temperature of the crystals during the dehydration were measured by means of a Moll galvanometer. By scratching the crystals beforehand, it was ensured that the reaction penetrated the crystals in parallel planes and the durofix prevented dehydration between the two crystals. Since from table 2 the rate of penetration was known, it was possible to correlate the temperature of the crystal at any time with the area of interface and with a known rate of reaction.
It was shown that the amount of self-cooling remained constant for a considerable fraction of the decomposition and, in fact, it was more nearly constant than could be accounted for in view of the decreasing area of interface. The conclusion was reached th a t this was due to the product being a poor conductor of heat, so th a t although the am ount of heat liberated decreases with time, this was balanced by a decreased loss of J. A. Cooper and W. E. Garner energy from the surface of the crystal. Table 3 shows the average values for self-cooling. From these values, and assuming th at Wien's Law holds, it is possible to calculate the heat of reaction. The equation which applies is X8A = KAq{T\ -T §), where A0 is the original area f occurs, and A is the interfacial area at any time. In the initial stages, A0 = A. A is the heat of crystallization per g., is the rate of reaction in The heats of reaction so calculated decrease steadily with decrease in temperature and this decrease is probably real, for even if black-body conditions be not strictly applicable the constant K should not vary appreciably with temperature. The fall in the heat of reaction with decrease in temperature indicates that the product becomes more amorphous in character the lower the temperature. This is in accord with the changes in the microscopical appearance of the nuclei over the above range of temperatures. In connexion with the above experiments, the specific heat of chrome alum has been determined at room temperature and found to be 0*274 cal./g.
In order to determine how closely the above values agreed with the heat of reaction obtainable from the temperature coefficient of the dissociation pressures, a single crystal was suspended in the apparatus shown in figure 7 , and dehydrated so as to give a thin film of product on the surface. Con ditions were chosen so as closely to approach those employed in the determination of self-cooling. Starting at 20° C, the dissociation pressure was measured on the manometer over a range of temperatures. Care was taken that at no time was the crystal subjected to water vapour pressures greater than the dissociation pressure. If this were exceeded by no more than a millimetre, the approach to equilibrium was exceedingly slow, and equilibrium could not be attained in several days. Equilibrium could only be approached with certainty from below. The following values were obtained for the dissociation pressures: The lack of reversibility in the dissociation equilibrium has not been exhaustively investigated although it is an im portant m atter for study. The dissociation pressure will obviously depend on the state of aggregation of the product, and possibly on the direction of the approach to equilibrium or pseudo-equilibrium. Activation energy of the dehydration processes. After correction of the temperatures of the crystals for self-cooling, figure 8 was constructed by plotting log rates of reaction against 1 These gave straight lines from which the following activation energies were obtained. which refer to the production of the same crystalline product should give the same activation energies, which is the case within experimental error. The divergence is greater for the nuclei of the second type, but here the experimental error is greater and possibly the value obtained is, within the experimental error, the same as for the other two values. These activation energies are very high for processes occurring at such low temperatures.
J. A. Cooper and W. E. Gamer
Effects of water vapour on the velocity of dehydration. The velocity of growth of the nuclei (type I) was measured in the apparatus shown in figure 1 . The crystals were heated in a hard vacuum with the thermostat at 20° C, until the nuclei formed were sufficiently large to be measured accurately. They were then exposed to the action of water vapour. A reser voir of distilled water kept at constant temperature served as a source of water vapour and the vapour pressures employed ranged from 0-008 to 8 mm. The experimental results are shown in figure 9 and table 6, from which it will be observed that the rate of growth at first increases as the pressure increases, reaches a maximum and then falls to zero as 8 mm. is approached. In order to test whether the initial rise in the rate of growth was due to a modification of the temperature of the crystal caused by the intro duction of water vapour, measurements of self-cooling were made at a number of water vapour pressures. This was done in the apparatus shown in figure 6 . After the crystals, undergoing dehydration in a hard vacuum,
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had attained a constant self-cooling, w ater vapour was introduced and a new value for the self-cooling determined. Equilibrium was obtained within a few minutes. The w ater vapour was then removed and the selfcooling for hard vacuum determined. No difficulty was experienced in obtaining reproducibility. The following values for the self-cooling, with the therm ostat tem perature at 20° C, were obtained:
Pressure H 20 , m m . 5*50 4-55 3-0 1-95 1-24 0*776 0*475 0*285 0*00
Self-cooling, 0 C 0*5 1*1 1*85 2*4 2*9 3*3 3*8 3*9 4*1 0*2 0*4 0*6 0*8 1mm.
8 mm.
pressure w ater vapour
For water vapour pressures below 0*3 mm., the self-cooling was very nearly th at occurring in a hard vacuum, and since the maximum in figure 9 occurs at about 0*3 mm., it is clear th at the maximum cannot be a secondary effect due to self-cooling.
The values recorded in figure 9 suffer from the disadvantage that, although in all cases the thermostat temperature was 20°, the actual temperature of the crystal was 15*9° in a hard vacuum and increases as the water vapour pressure is increased. It is possible to convert the rates of growth to those appertaining to 20° C if it be assumed that the activation energy in the presence of water vapour be the same as th at in hard vacuum. This calculation has been made in order to determine the effect on the curves recorded in figure 9. No essential difference was found so th at the curves are not recorded.
A few measurements were carried out at 25° C, to determine if the maximum persisted at this temperature. The results are shown below: The maximum is even more marked at 25 than at 20° C. The character of the nuclear growth was found to be markedly affected by water vapour.
In plate 1 are shown photographs of nuclei observed at 0*78 mm. H20 ( and at 1-95 mm. H 20 (F). At the lower vapour pressure the nuc scalloped, each scallop being contained between two radial cracks. At the higher pressure, the growth is very compact and structureless. The centre portions of the nuclei in F were grown in a hard vacuum and only the outer rim at a vapour pressure of 1-95 mm.
D is c u s s io n
The rate of dehydration of crystals of chrome alum is not appreciably affected by the thickness of the superposed layer of the product. This means that the rate of flow through layer III, figure I, is much faster than th at of the liberation of water at the transition layer. Since the heat of dissociation is 10 kcal., and since the activation energy for the whole process is of the order of 31 kcal., it is clear that diffusion across layer II I should have but a slight effect on the rate.
It has been shown that the dehydration occurs to a preponderating extent in the transition layer and th at the final product has a composition, K2S0 4. Cr2(S0 4)3, 12H20 . There is, however, a recrystallization of the product after the water is lost, as is shown by the shrinkage which occurs in the nuclei (plate 1). The " self-cooling" has been measured and the results have been shown to be consistent with the view that chrome alum behaves as a black-body. Smith and Topley (1931) assumed that this was the case in correcting their results with copper sulphate pentahydrate for " self-cooling". The heats of dissociation can be calculated from the selfcooling assuming black-body radiation, and it is shown that the heat of dissociation increases with rise in temperature. This may be taken to mean th at the extent to which the collapsed lattice undergoes crystallization increases with rise in temperature, which view is supported by the micro scopical observations. The activation ergy for nuclear growth on the surface of crystals of chrome alum, and the rate of penetration of the interface into the body of the crystal is of the order of 31 kcal. This is considerably greater than th a t of the heat dissociation, viz. 10 kcal. The activation energy is abnormally high for a reaction occurring in the neighbourhood of room tem perature. As a general rule, solid reactions with an activation energy > 20 kcal. are very slow at room temperature. Normally, the Polanyi-Wigner equation, drfdt = Nve~EIRT is obeyed within one or two powers of ten for exothermic and endothermic solid reactions. When applied to the dehydration of chrome alum, using the experimental value of = 31 kcal., the calculated value of v is 1-2 x 1025, which is 1012 times greater than the normal fre quency of activation. The dehydration of copper sulphate pentahydrate is approximately normal, but there are other abnormal cases of hydrate decomposition where the Polanyi-Wigner equation gives too high a value for the frequency of activation, notably the dissociation of calcium carbonate hexahydrate (Hume and Top ley 1928) where the discrepancy is 1023. Hume and Colvin (1929) also obtain a high value of = 40 kcal. for the dissociation of potassium oxalate hemihydrate for which the above equation also gives too high a value for v. In the light of the model (figure 1), it will be seen th a t such high activation energies are probably to be explained as due to effects of temperature on the transition layer. Since there is no evidence from figure 8 th a t changes with temperature, the effect in question is possibly a decrease in the thickness of the transition layer with increase in temperature.
The effect of the thickness of the transition layer can be visualized as follows. If there be " impedance " to the flow of water through the collapsed lattice of the transition layer, II, then in the molecular layers adjacent to the lattice of the reactant, water molecules will be present in concentrations which will vary with the temperature. If x be the fraction of spaces in the collapsed lattice unoccupied by water molecules, then the rate of dehydration will be dr/dt = Nvxe~EIRT, where N is the molecules per cm.2 of the original lattice. Since x has a temperature coefficient, calculation of the activation energy from the temperature coefficient of the rate of growth of nuclei will give a value which may be considerably greater than E.
As far as the effects of water vapour are concerned, chrome alum behaves in an intermediate fashion to copper sulphate pentahydrate and manganous oxalate bihydrate. There is no minimum on the ratevapour pressure curve, only a maximum. This maximum at low vapour pressures is to be explained as due to a decrease in the thickness of the transition layer II as a consequence of the catalysis of the crystallization of the product, and the fall after the maximum to an increasing concen tration of water vapour molecules in the transition layer which causes a reversal of the reaction. I t would appear th at the form taken by the ratevapour pressure curves depends in a complex fashion on the properties of the collapsed lattice in the transition layer and on its rate of crystallization. This affects the temperature coefficient of the reaction and if the properties of the transition layer change appreciably with temperature, there may occur anomalously high temperature coefficients.
One of us (J. A. C.) wishes to express his indebtedness to the Department of Scientific and Industrial Research for a maintenance grant. The authors are also grateful to Imperial Chemical Industries Ltd. and to the Colston Research Society for grants for the purchase of apparatus.
S um m a r y
Measurements have been made of the rate of growth of dehydration nuclei over the i l l surfaces of crystals of chrome alum for a range of temperatures. These rates have been compared with the rates of penetration into the crystal. The self-cooling of the crystals has been measured and the heat of dissociation calculated both from the self-cooling and the temperature coefficient of the dissociation pressure. The heat of dis sociation, 10 kcal., is much less than the calculated activation energy for the dehydration, viz. 31 kcal. An explanation is advanced for the ab normally high activation energy.
It is shown that small pressures of water vapour cause an acceleration of the rate of dehydration.
